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_ ing and vibration of a very dry mixture with 

| is not clear—German cements were defi- 

_ The inspection upon which this paper is based was prompted by a desire to reconcile 

conflicting reports which have come out of Germany during the last 3 years regarding 

the performance of concrete pavements on the autobahnen as compared with the 

performance of similar pavements in the United States. The survey was made during 

‘the summer of 1947 and covered approximately 1,000 miles of four-lane divided pavement 

_in the British and American zones of occupation. 

_of the German pavements is discussed from the standpoint of both structural perform- 

ance and quality of concrete per se. All of the structural defects that usually develop in 

_ concrete pavements in the United States were found but, aside from frequently observed 

_ transverse cracking, defects such as joint spalling and faulting, settlement, etc., were 

not serious except in the Frankfurt area. The comparative freedom of the German 

_roads from structural defects is believed to be due primarily to the comparatively small 

| amount of heavy truck traffic using these roads, now and in the past, and to the com- 

_ paratively mild climate. 

The soils of Germany vary from cohesionless sands to plastic silty clays and clays. 

Most of the silty clays were of such nature as to require careful moisture control for 

adequate compaction. Such soils would be subject to frost heave under adverse drain- 

_ age conditions, and pumping at joints would occur on them if free water entered expan- 

_ sion joints or cracks and if a sufficient number of heavy loads passed over the pavement. 

|The practice of placing a layer of granular material under the pavement was, no doubt, 

_a contributing factor in the prevention of pumping in such cases. 

The concrete, almost without exception, was of excellent quality. Scaling was 

_ confined almost entirely to the Miinchen-Salzburg route. Disintegration was prac- 
tically nonexistent. Outstanding was the absence of the heavy layer of surface mortar 

frequently found on payements in the United States. The excellent quality of the 

_ concrete is believed due to (1) the high qual- 

ity of aggregates, (2) the low water-cement 

ratio, (3) thorough consolidation by tamp- 

4 ; : hee 
a maximum aggregate size of about 1 inch, @UBECK 

_ @) thorough curing, and (5) the compara- HER 

_ tively mild climate. The effect of the cement hep 

nitely inferior as judged by modern Ameri- 
can standards, but whether they were actu- 

ally inferior remains to be seen. 

As a result of their observations the 

BREMEN @ 

\\ BAD OEYNHAUSEN HANNOVER 
e 

In this report, the present condition, 

@MAGDEBURG 

oncrete Pavements on the German Autobahnen 
by F. H. JACKSON, Principal Engineer of Tests 

and 

HAROLD ALLEN, Principal Materials Engineer 

Division of Physical Research 

Public Roads Administration 

HIS report presents the results of an in- 

spection of concrete pavements on the 

German motor-road system made by the 

authors during the summer of 1947 under 

instructions from the Commissioner of Public 

Roads. The inspection was made with the 

object of determining first, in what respects, 

if any, the German pavements are superior to 

ours; and second, what features of German 

design and construction practice, if any, can 

be adopted with profit by American engineers. 

The report is in four parts: Part I is a 

general description of the system, including a 

section on the soils of Germany, a section on 

climate, and a section on traffic; part II, a 

description of the methods of design and con- 

struction which were employed; part III, 

comments on the present condition of the 

pavements with respect to (1) structural de- 

gran 
a vse ) 

S 5 be | S | 3 
) 
/ SAS . 

/ 
@ HAMBURG 

hoa 
BERLIN , 

° C 
authors recommend the initiation of a com- | BRAUNSCHWEIG bs 
prehensive program of research on each of (i iy 
the following subjects: Coa Oe KAMEN {| ara 

ioe f “ ISBURGE @ESSEN ; 
1. Study of the possibility of insuring oysah KASSEL @ - een 

greater uniformity in pavement concrete by oo ey S 
reducing the maximum size of coarse aggre- —\ ZOLN rat eh G 
gate. We ees \ a /) 

2. Development of more effective methods ( KOBLENZ® C a 2, cis { 
of compacting pavement concrete by me- : 

chanical means. 

3. Study of the effects of variations in \ ae a : APPROXIMATE SCALE — MILES 
chemical composition of cements and the \. MANNHEIM HEIDELBERG of kde 0 50 100 150 200 
methods of manufacturing cements on the AAs e a oa 
properties of concrete. In this work the KARb SRUHE \ seoheypeairh oy gad 
authors would go considerably outside the / !  ————— OTHER EXISTING AUTOBAHNEN 
range in composition and fineness now |! a PROJECTED AUTOBAHNEN 
being studied under the “‘Long-time study } @MiincHEN( 
of cement performance in concrete.”” Work | 
of this nature should be carried out by the ee — cae SALZBURG 
manufacturers and could be accomplished = ~ pg ry 
by an extension of the present program/of S 

the long-time study. se 

785327—48——1 

Figure 1.—The German autobahn system, 
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fects and (2) quality of concrete per se; and 

part IV, a summary of these comments, 

together with a number of recommendations 

based thereon. 
During the 3 years that have elapsed since 

the invasion of Germany, the system of high- 

speed motor roads created by Hitler has been 

the subject of considerable comment by 

returning members of our armed forces as 

well as by civilian engineers. Much of this 

comment has been altogether favorable, not 

only with respect to the lay-out and design 

of the system as a whole but also as regards 

the excellent condition of the concrete pave- 

ments themselves. Typical of this reaction 

is a statement by M. A. Swayze, Director 

of Research of the Lone Star Cement Cor- 

poration, who spent about 3 months in Ger- 
many in 1945. In a report presented at the 

42nd annual meeting of the American Con- 

crete Institute,! he said in part: “In all my 

experience I have never seen concrete high- 

ways in better shape after at least 7 years’ 

service than in the German autobahnen * * * 

Their quality is a tremendous challenge to 

American engineers to do likewise.”” On the 

other hand there has been some comment 

to the effect that these pavements, although 

generally in good condition, are not excep- 

tional when compared with similar pavements 

in this country in that virtually all of the 

defects that characterize our roads are present 

in more or less degree in the German pave- 

ments. A statement to this effect was re- 

cently made, in an interview with the authors, 

by an” outstanding German engineer who 

played a rather important role in the construc- 

tion of these roads, and since that time has 

had an opportunity to observe conditions 

in the United States and other countries. 
At the outset, the authors wish to thank 

Dr. W. H. Glanville, Director of the Road 

Research Laboratory of Great Britain, and his 

associate, Mr. F. N. Sparkes, for their kindness 

in making all of the necessary arrangements 

for this inspection, including the furnishing 

of automobile transportation for the entire 

trip. In addition, they wish to express to 

Dr. Glanville their appreciation for his kind- 

ness in detailing two of his staff to accompany 

them. One of these, Dr. A. R. Collins of the 

Concrete Section, traveled with the party 

during the period July 14—August 2, and the 

other, Mr. H. W. W. Pollitt of the Soils Section, 
during the period August 2-11. Both of these 

men were extremely cooperative and their 

assistance is greatly appreciated. 

The authors also wish to acknowledge the 

assistance of Mr. F. R. MeMillan, of the 

Portland Cement Association, who arranged 

for the translation of the official instructions 

for the construction of concrete pavements, 

and Mr. A. P. Anderson, formerly with the 

Public Roads Administration, who translated 

a number of technical reports covering various 

phases of the work. 

1 Observations of war damage to concrete and to cement in- 

dustry properties in Germany, by M. A. Swayze; Journal of 

the American Concrete Institute, vol. 18, No. 6, February 
1947, 
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Of the 4,000 miles of four-lane divided 

highway planned by Hitler, about 2,500 miles 

had been completed at the outbreak of World 

War II, as shown on the outline map of Ger- 

many in figure 1. On this map the 1,000 

miles of roads traveled at least once by the 

inspecting team are shown as heavy solid lines. 

Many of the completed roads are in the 

Russian Zone and were inaccessible—in fact, 

with the exception of a very short stretch in 

the French Zone between K6ln and Frank- 

furt, all of the roads inspected by the team lie 

within the British and American Zones. In 

addition, the party traveled over the 75 miles 

in the Russian Zone from Helmstedt to the 

Berlin ring road, but the cars were not allowed 

to stop along this route. 

The inspection party arrived at Bad Oeyn- 

hausen, headquarters for the British Zone, on 

July 15 and left Frankfurt at the conclusion of 

the inspection on August 11. Of the 28 days 

spent in Germany, 10 were taken up in ob- 

taining the necessary clearances, in making 

other arrangements, and in interviews, leaving 

18 days for the actual road inspections. 

During this 18-day period, the entire 1,000 

miles of motor road shown by the heavy solid 

lines in figure 1 were covered at least once; 

many sections twice; and several sections, 

three or more times. Driving speeds averaged 

30 to 35 miles per hour, with frequent stops to 

check soil conditions, quality of concrete, 

structural failures, and the like. Stops were 

for periods ranging from a few minutes to an 

hour and were, in general, made whenever in- 

dications pointed to a marked change in soil 

conditions or in the condition of the pavement 

itself. The character of the soil profile was 

checked at many points by means of test holes 

and outcroppings. Numerous photographs 

were taken, of which a few are reproduced in 

this report. Efforts were also made to obtain 

small samples of the concrete. However, the 

facilities for obtaining samples were not good 

and about the best that could be done was to 

obtain a number of small chips which were 

mainly of value in revealing the types of ag- 

gregate used in the concrete and in giving some 

idea of the quality of the matrix in each case.? 

PART I.—GENERAL DESCRIPTION 
SYSTEM 

OF 

The German motor-road system, as original- 

ly planned, apparently contemplated the 

construction of approximately 4,000 miles of 

four-lane divided highway connecting all of 

the larger cities of the Reich. Of this total, 

only about 2,500 miles have been completed. 

A glance at figure 1 will show many gaps in 

the system. 

In general, the motor roads were located to 

pass close to but not actually through the 

large cities, access being provided in all cases. 

No crossings at grade were permitted, a clover- 

leaf or similar type of interchange being used 

at all major intersections. All secondary 

2 Arrangements have been made with the British Road 

Research Laboratory to have concrete core samples taken 

from a number of selected sections on the motor-road system. 

Samples of the subgrade below each core will also be obtained. 

roads were carried either over or under the 
main highway without provision for access. 

There are numerous bridges for this purpose 
on the system, 

It is not proposed in this report to describe 

in detail the methods used by the Germans in 

locating the motor roads or the standards of 

grade and alinement that were followed. 

These features have been discussed quite 

adequately in reports of previous inspections 

made by British teams.’ It will be of in- 

terest, however, to call attention very briefly 

to some of the principal standards. 

The German motor-road system was de- 

signed for speeds up to 100 miles per hour in 

flat country and up to 80 miles per hour in 

mountainous regions. Grades varied from a 

maximum of 4 percent in rolling country to 

6 percent in hilly sections and 8 percent in the 

mountains. Minimum sight distances ranged 

from 500 to 900 feet, and the minimum radii 

of horizontal curves from 2,000 to 6,000 feet, 

depending upon the terrain.4 The Germans | 

apparently gave a great deal of thought to 

esthetic consideration, both as regards the 

original location and the landscaping of these 

roads. In general, the motor roads were 

located so as to take full advantage of scenic 

possibilities. Cut and fill slopes were rounded 
and were blended in with the natural terrain 

so as to give a very pleasing appearance. 

This, together with adequate roadside plant- 
ing, gave an appearance of age and perma- | 

nence which is quite surprising when one _ 
realizes that the average age is only about 10 _ 

years. Typical views are shown in figure 2. 

Construction of the motor roads was begun 

in 1934 and extended through 1940. By far 

the greatest mileage, however, at least so far 
as the roads in western Germany are con- 

cerned, was built during the 3-year period 
1936-38. This applies also to the 1,000 or so 

miles of pavement inspected by the authors. 

According to data furnished by the British | 

Road Research Laboratory,® the approximate 
mileages by year of construction for this | 

portion of the system are as follows: 

Year built: Miles 
1935.42: = ee eee 70 

1936).04) 3 ie 8 ee eee 270 

1937. As te eee ee 240 

1988. 2) ee eee 325 

1939. 2 ot eee 0 

1940 22 tse ee eee 100 

Totals. 22a 1, 005 

3 Report of an inspection of the German road system, 1945, 

B. I. O. S. final report No. 918, by H. 8. Keep, A. H. D. 
Markwick, and A. R. Collins, for the British Intelligence 

Objectives Subcommittee. H. M. Stationery Office, Lon- 

don, May 1946. 

* The indicated sight distances, nonpassing minimums on 

divided highways, are low as compared with American 

standards. The A. A. S. H. O. standard uses sight distances 

of 475 and 600 feet for design speeds of 60 and 70 miles per hour, 

respectively. While not included in the standards, corres- 

ponding values for design speeds of 80 and 90 miles per hour 

would be 775 and 1,000 feet, respectively. ' 

5 According to other records, a short section of road between 

Frankfurt and Darmstadt, included here as 1935 construc: 

tion, was actually built in 1934. 

| 
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Soils 

The inspection in a limited time of an ex- 

tended mileage of highways for the purpose of 

comparing pavement performance with sub- 

grade characteristics requires a regional under- 

standing of soil conditions, especially if the 
terrain consists of a complex arrangement of 

geological parent materials with a wide range 

in relief or climate such as exists in western 

Germany, In the United States, engineering 
soil maps prepared from air photographs, 

geologic maps, or agronomic maps have been 

useful in developing such a regional under- 

standing. Therefore, prior to leaving the 

- United States, reconnaissance engineering soil 

maps similar to those shown in figure 3 § were 

made for the terrain in the vicinity of the auto- 

bahnen. These strip maps were prepared 

from geologic, physiographic, and soil informa- 

tion found in available technical publications. 

They show the major physiographic regions 

and the general characteristics of the soils in 

the areas traversed by the autobahnen. Fac- 

tual data on soils were limited so that the soil 

information was largely interpreted from data 

§ These soil maps were prepared by F. R. Olmstead, Senior 

Soil Specialist of the Public Roads Administration. 

PUBLIC ROADS ® Vol. 25, No. 4 

Figure 2.—Typical views of the autobahnen: (A-C) Miinchen-Salzburg; (D-F) Hannover-Ruhr; (G, H) Frankfurt-Stuttgart; (1) Stuttgart- 

Miinchen. 

showing the distribution of geologic parent 

materials, the relief, and the climate of 

Germany. 

The predicted soil information on the strip 

maps was used during the inspection for the 

general location of significant soil changes and 

was useful in evaluating the regional engineer- 

ing soil problems that probably were consid- 

ered in locating, designing, and building the 

autobahnen. Observations made at frequent 

intervals during the inspection indicated that 

the information shown in the strip maps was 

satisfactory for the appraisal of soil conditions 

in the area traversed by the autobahnen. 

During the field inspection, the boundaries of 

the significant soil areas shown on the strip 

maps were found to be quite accurate, They 

were checked as frequently as possible by 

examining soil profiles exposed in cuts, in 

excavations near the road, or by digging 

shallow pits. 

The inspection revealed that with the ex- 

ception of a section in which warping was 

observed there was very little relation between 

the type of soil and the pavement condition, 

Defects such as faulting, cracking, and spalling 

were found about equally in areas where either 

cohesive or cohesionless soils predominated. 

This condition is probably the result of placing 

a layer of granular material over all cohesive 

soils. The primary purpose of the use of such 

a layer was to avoid damage to the pavement 

resulting from frost action on the subgrade 

soil. 

The soils of Germany vary from cohesion- 
less sands to plastic silty clays and clays. 

Northern Germany is in a glaciated area and 

the soils are light silty clays, sands, and sand- 

gravels. Around Berlin and Hamburg, and 

as far west as Bad Oeynhausen, granular ma- 

terials are plentiful and were generously used 

in the autobahnen. From Bad Oeynhausen 

west to Duisburg, sands and slightly heavier 

silty clays are about equally distributed. 

Along the Rhine Valley from Duisburg to 

Frankfurt are heavier clay soils derived from 

the metamorphic rocks which predominate in 

the uplands south of Kéln. In several loca- 

tions in this area granular material could not 

be found by digging at the edges of the pave- 

ment, indicating that scarcity may have 

limited its use for base courses. This region 

is somewhat rugged and wooded. From 

Frankfurt south to Karlsruhe the road follows 

the Rhine River Valley and crosses the flood 

plains of several major streams. In this area 

sands and sand-gravels predominate. The 

soils in the area from Karlsruhe to Augsburg 
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_ generally sands. 

are derived from sedimentary rocks and, ex- 

cept for the mileage through the gravel ter- 

races of river beds, are plastic silty clays, 

often mixed with rock fragments. 

From Miinchen to Salzburg the road passes 
through a glaciated region and a considerable 

mileage passes over an old lake bed bordering 

on the Chiem See (lake). The soils are 
poorly drained plastic silty clays. Between 

the Chiem See and Salzburg the road is lo- 

eated along the foothills of the Bavarian Alps 

and passes over terminal morainic areas. 

The drainage is poorly established and, in 

general, the subgrade conditions are poor. 

Most of the silty clays examined on the 

system would require careful moisture con- 

trol for adequate compaction and would be 

subject to frost heave under adverse drainage 

conditions. Pumping at joints in concrete 
pavements would occur on these soils if free 

water entered expansion joints or cracks and 

if a sufficient number of heavy loads passed 

over the pavement. 

The Berlin-Magdeburg section of the au- 

tobahnen is located through the area once 

covered by a continental ice sheet. The 

glacial till and outwash areas have been modi- 

fied by subsequent erosion to produce a 

variety of glacial land forms having different 

soil textures and drainage conditions. Most 

of the soils in the region are granular. The 

area has been separated into three physio- 

graphic regions—the Berlin Plain, the Flam- 

ing Plain, and the Elbe River Valley. 

The Berlin Plain is a flat to undulating low- 

land with many canals and swamps having 

intervening sandy areas derived from glacial 

outwashes, terraces, or sand dunes. The 

Flaming Plain is gently rolling, with broad low 

ridges separated by wide flat valleys. Many 

of the valleys are poorly drained wet meadows, 

in which the accumulation of peat bogs is 

frequent. In the Elbe Valley the soils are 

better drained than in the Flaming Plain, and 

along the east edge of the river there are many 

sand dunes. 

All of the soil profiles observed in road cuts 
and excavations in the Berlin-Magdeburg 

section seemed to indicate that the soils were 

In some locations the sands 

appeared to be covered with a silty clay surface 

soil. Since this area is in the Russian Zone, 

where stopping was not permitted, inspections 

were made from an automobile traveling at 

approximately 30 miles per hour. 
The section from Magdeburg to Hannover 

lies in the Leine-Saale Lowlands. The ter- 
rain is flat to rolling, with altitudes ranging 

from 100 to 200 feet. In general, the soils are 
closely related to the glacial land forms. The 

granular soils in the region are associated with 

outwash plains and terraces and the clay 

soils with the morainic areas. During the 

glacial period, the Leine and Elbe Rivers 

deposited vast amounts of alluvium in rather 

wide flood plains. These were subsequently 

dissected by erosion to form the present 

terrain. The better-drained granular soils 

occur on terraces, and the poorly drained soils 

on the more recent flood plains. The poorly 

drained soils appear to be sandy, but drainage 

is retarded by the development of an iron- 
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oxide hardpan. Peat bogs and swamps are 

quite frequent in areas underlain by this 

hardpan formation. In some areas the loamy 

surface soils are probably derived from wind- 

blown silts of glacial origin. 

An examination of an embankment under 

repair between Helmstedt and Braunschweig 

disclosed that the fill was composed of a sand- 

clay-gravel mixture of good quality, with a 

layer of very fine white sand immediately 

under the pavement. 

Observations made between Braunschweig 

and Hannover indicated that the soils were 

predominately sands and sandy gravels. East 

of Braunschweig the surface soil was silt to 

silty loam with indications of underlying sand 

and gravel. 

Geologic and soil information of the area 

around Hamburg were not available to the 

authors and a preliminary soil map could not 

be prepared. The autobahn from Hamburg to 

Hannover has not been built, and time would 

not permit inspection of the entire road from 

Hamburg to Bremen. However, an examina- 

tion was made of the section from Hamburg to 

the Hamburg-Hannover-Bremen junction and 

of approximately 10 miles on the Bremen road. 

Examination was also made of the Hamburg- 

Libeck section. 
South of Hamburg the subgrade under a 

section of pavement which had been broken by 

a bomb was examined. The soil under the 

pavement was a fine sand containing a very 

small amount of binder. The section was on 

a fill approximately 30 feet in height, and the 

entire embankment was composed of granular 

material. 
At another location in this area, an examina- 

tion of the soil profile in a shallow excavation 

showed 6 inches of fine silt on the surface 

underlain by fine sand. There was evidence 
that the sand was coarser at greater depths. 

In the fields at one location peat was being 

dug for fuel. On the south part of the section 

from Hamburg to Liibeck, the soil, exposed in 

shallow excavations adjacent to the road, was 

very sandy. On the north end of this section 

the soils were silty clays underlain by sands. 

Discussion of the construction of the auto- 

bahnen with German engineers indicated that 
the peat-bog areas were carefully avoided in 

locating the entire system. A few short sec- 

tions are located over such areas, and the em- 

bankments over these locations were built by . 

superimposing the fill material and displacing 

the muck soil with dynamite charges. 

The section from Hannover to Wiedenbriick 

passes through the Osnabriick-Weser Low- 

lands and a portion of the Ems River Valley. 
This area is underlain by beds of limestones, 

greensands, marls, and clays. The more re- 

sistant limestones and greensands occur in 

low-lying ridges, and the softer marls and 

clays are found in the valleys of the Weser and 

Werre Rivers. The Ems River Valley is 
underlain by these softer rocks but during the 

glacial period, when the Ems served as one of 

the glacial drainage outlets, the valley floor 

was covered with a thick layer of alluvium. 
The soils occurring in this area, with the ex- 

ception of those found in the valley of the 
Ems, are mostly clays derived from the 

weathering of the underlying calcareous rocks. 

The granular soils found between the Ems 

River and the east valley wall occur on an old 

glacial terrace. In more protected areas, 

there may be soils derived from remnants of 

the old glacial drift or deposits of wind-blown 

silt. 

The soil profiles exposed in the fields at most 

of the points examined between Bad Oeyn- 

hausen and Hannover, and to approximately 

25 miles west of Bad Oeynhausen, consisted 

of a gray, silty-clay surface soil (6 to 12 inches) 

over a more plastic, yellowish silty-clay sub- 

soil. 

The practice of hauling granular materials 

relatively long distances for use in fill con- 

struction is illustrated by an observation made 

at a location about 1 mile east of the Bad 

Oeynhausen interchange. The embankment 

at this point was approximately 12 feet high 

and was composed of cohesionless sand which, 

it was estimated by visual inspection, would 

pass a No. 10 sieve and be retained on a No. 

100. The sand was covered with 10 inches 

of friable silt surface soil and a very heavy 

tough sod. The slope of the fill was approxi- 

mately 1%:1. A local resident informed the 

party that the sand for the fill was brought 

from a pit about 4 miles from the road. 

Approximately 30 miles east of Bad Oeyn- 

hausen, where the soil profile was exposed in 

a limestone quarry, the surface soil consisted 

of a silty clay and the underlying layer was a 

plastic clay. 

At a location 1.5 miles west of the Bad 

Oeynhausen intersection, an examination was 

made where the road passes through a sidehill 

cut. In a pit dug in the median strip, top 

soil was found to a depth of 10 inches— 

slightly below the bottom of the pavement. 

Below this depth was a mixture of sand and 

stone particles for a depth that could not be 

determined due to hardness of the ground. 

An 18-inch pit dug in the embankment con- 

tained silty-clay soil. There was no evidence 

that the granular material extended the full 

width of the grade. At another location in 

cut section, 3 inches of cinders were found 

below the bottom of the pavement over a 

silty-clay soil mixed with rock particles. 

Evidence of substantial sand layers under 

the pavement and for the full width of the 

roadway was found at most of the locations 

examined in this section. 

Observations made in the southwest 15 

miles of the Hannover-Wiedenbriick section 

disclose the predominance of sandy top soil 

underlain by cohesionless sand. 

In the section from Wiedenbriick to Dort- 

mund the soils are clays and silty clays derived 

from the underlying calcareous sedimentary 

rocks of the low plateau of northern Germany. 

Except in places where the sedimentary rocks 

have been exposed by the erosion of the over- 

lying glacial drift, the soils in the section from 

Dortmund to Duisburg are granular. 

Between Duisburg and K6ln, granular and 

fine-grained soils occur in alternate sections 

of approximately 10 to 20 miles length. The 

granular materials are located in the Rhine 

Plain and the silty-clay to clay soils where 

the road crosses the Sauerland. The Sauer- 
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land is a rolling sandstone and shale plateau 

sloping westward and cut by many narrow, 

steep valleys. The soils derived from these 

sedimentary rocks usually are silty clays and 

clays, and are likely to be shallow in depth. 

At a location approximately 3 miles west 

of Kamen, the soils found in an embankment 

slope, at the toe of the slope of the embank- 

ment, and in the shoulder near the pavement 

edge to a depth of 18 inches, were gray, friable, 

silty clays and yellow, silty clays. No evi- 

dence of a granular layer under the pavement 

was found by digging shallow pits in the shoul- 

der at this location. It is possible that the 

granular material was not placed for the full 

width of the paved shoulder strip. 

At another location, approximately 10 

miles south of the Ruhr River, a 6-inch layer 

of crushed shalelike rock (maximum size % 

inch) was found beneath the pavement slab. 

The subgrade soil was a yellowish, mottled, 

plastic clay. The clay had intruded into the 

stone subbase and the pavement at this loca- 

tion was rough and the joints had the appear- 

ance of being warped. 

In some other locations examined, evidence 

of the use of granular material over plastic 

clays could not be found by digging near the 

edge of the paved shoulder strip. 

The section from K6ln to a point west of 

Frankfurt, on the River Main, passes through 

the lower Rhine Plain and the Westerwald. 

The Westerwald is a folded, contorted mass 

of schist, quartzite, and other Devonian rocks. 

The soils derived from these rocks are clays 

and sandy clays. The soils in the 20 miles 

immediately south of K6ln or to the boundary 

of the Westerwald were found to be granular, 

The soils in the remaining mileage of this sec- 

tion were silty clays or clays. No extremely 

plastic soils were found in this section. 

From Frankfurt to Karlsruhe the road fol- 

lows the terraces of the Rhine Rift Valley. 

The soils in this valley are usually granular 

but may be covered with a shallow layer of 

silty-clay soil. From the Enz River (near 

Karlsruhe) to Stuttgart is an area of calcare- 

ous soft rocks or marls. The soils in this area 

are clays or clays mixed with stone fragments. 

Observations made between Frankfurt and 

Heidelberg indicated 5- to 10-mile sections of 

cohesionless sand covered with sandy surface 

soil, interspersed with sections of clay and 

silty clay similar in length. In the areas 

where the clay soil predominated, the fills were 

built of cohesionless sand. 

From Karlsruhe to Stuttgart, silty-clay 
and clay soils predominate. In some loca- 

tions the clay soils seemed to be quite plastic. 

Granular material could not be uncovered by 

the digging of shallow pits in the embank- 

ment slopes in this area. Pits dug at the edge 

of the pavement in the median strips disclosed 

a layer of either fine sand or sand-gravel 

under the pavement for a minimum depth 

of 12 inches. 

From Stuttgart to Miinchen the road 

traverses the Swabian Upland, the Donau-— 

Lech Valley and the Alpine Foreland. The 

Swabian Upland is flat to gently rolling and 

is dissected by streams with steep valley 

walls. ‘The parent material in this area is 

limestone and the soils are chiefly clays. 

The Donau-Lech Valley and the lower 

Alpine Foreland are glaciated areas. The 

soils vary from fine-grained, poorly drained 

alluvium and clay soils to sands and sand- 

gravels. There are terraces of granular 

material along the Lech River. Loess soils 

cover the glacial terrain in sheltered locations. 

Between Miinchen and Salzburg the road 

traverses the Miinchen Plain and the Upper 

Alpine Foreland. The Minchen Plain is a 

granular outwash developed from water 

sorting of granular material contained in the 

terminal moraines that flank the Bavarian 

Alps to the south of the area. The Upper 

Alpine Foreland is a glaciated area made up 

of terminal moraines, drumlins, and an old 

lake bed. The soils in this section are fine 
sands, silts, and silty clays mixed with gravel 

and stone. Between the Chiem See and 
Salzburg the road passes along the foot of 

the Bavarian Alps, cutting through limestone 

outcrops and passing over terminal moraines. 

The soils in this area are clays or alluvial 

silts and the land is swampy in many places. 

The drainage is poor and there are evidences of 

distress in the pavement at some locations. 

The view of the Alps from this section of road 

is good and it is probable that, in choosing the 

location, the scenic value outweighed the poor 

soil and drainage conditions. A location fur- 

ther north would have passed through more 

suitable terrain. 

The autobahn from Kassel to Frankfurt 

Table 1.—Comparison of climatological data for Germany and midwestern 
United States 

Average 

January 

Germany: 

Hamburg 
Frankfurt 
Miinchen 

United States: 
Indianapolis, Ind 
Columbus, Ohio 
Pittsburgh, Pa 
Charleston, W. Va 
Frankfort, Ky 
Lansing, Mich 
Average 

! Over a period of 35 to 75 years. 

70 

Temperature 

Annual 
average 
rainfall 

Variation ! 

Maximum | Minimum Range 

passes through the Hesse Uplands, the West 

Hesse Hills, the Wetterau Corridor, the Wes- 
terwald, and the lower plain of the Main 

River. The Bunter sandstone and tertiary 

clays and silts outcrop in the area around 

Kassel. The road is flanked on the west by 

the West Hesse Hills and on the east by the 
Hesse Uplands, which are complex geologi- 

cally since they were formed by the erosion of 

faulted and folded sandstones and limestones 

and the subsequent deposition of loess. The 

road enters the Wetterau Corridor at a point 

west of a basaltic mass called the Vogelsberg 

Mountains which rise to 2,500 feet and which 

have been dissected by radial stream gorges to 

depths of more than 600 feet. Many of the 

stream valleys are filled with peat. The rug- 
gedness of the terrain necessitated the con- 

struction of many high embankments which 

observations indicated were built of cohesion- 

less sand, 

The soils in the Wetterau Corridor are heavy 

clays derived from the weathering of basalt. 

The soils in the Westerwald and the Main 

River Plain are tertiary clays and wind-blown 

loess. The clays were derived from the 

weathering of the shales and schists of the 

Westerwald. The loess has weathered to a 

more plastic silty clay in some areas. 

Climate 

Western Germany has a milder climate than 
would be expected from its latitude because 

it is exposed to mild westerly winds. 

little difference between the north and south 

sections since in the latter the higher eleva- 

tions counterbalance the southern location. 

The mean annual temperature of Hamburg is 

48° F., of Leipzig, 47° F., and of Miinchen, 

45° F. The average annual rainfall varies 

from 16 inches in the plains to 47 inches on the 
southeast uplands. July is normally the 

rainiest month and January or February, the 

driest. The snowfall occurs during the 

months of January, February, and March, 

and in that period snowfall occurs about 30 
days in the northern lowlands and 30 to 50 

days in the southeastern highlands. 

It would be difficult to select an area in the 

There is — 

United States having an extensive mileage of . 

concrete pavement in which the soil and — 

climatic conditions are exactly the same as 

those found in Germany. The area including 

southern Michigan, Ohio, Indiana, Kentucky, — 
western Pennsylvania, and West Virginia has © 

similar geologic formations, soil conditions, 

and a fairly comparable climate. The temper- 

ature and rainfall data for six cities in the — - 

selected area of the United States and for four — 

cities in Germany, as supplied by the United — 

States Weather Bureau, are shown in table 1. 
A comparison of these data shows that the 

average temperatures for January are approx- 
imately the same in both areas, that the 

average July temperatures in the United 

States cities are approximately 10 degrees 
a 

higher, and that the range from maximum to 
minimum is greater in the United States. — 
The rainfall in Indianapolis, Columbus, or 

Pittsburgh is comparable to that of Miinchen, 

but for the rest of Germany it is lower than 

that of the middlewestern area of the United 
States. 
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Data as to the penetration of frost in Ger- 

many were not available from the weather 

records. It was learned from a German engi- 
neer, now working in England, that the frost 

penetration varied from a few to 70 or 80 
inches. 

Traffic 

The traffic on the autobahnen observed dur- 

ing the inspection was very light both as to the 

number of vehicles and the probable axle loads. 

For example, in traveling during the middle of 

a Sunday forenoon from Helmstedt to the 

outer Berlin circle, a distance of 70 miles, no 

vehicles were seen in a period of 45 minutes. 

Six light trucks were counted in the 70 miles. 

In many places in this area and other sections 

of the autobahnen, the pavement had not been 

discolored by the oil streak parallel to the 

center line which usually results from the pas- 

sage of a large number of heavy motor vehicles. 

The appearance of the pavement indicated 

that the greatest volume of traffic on the sys- 

tem was from Frankfurt to Kassel, south of 

Frankfurt toward Heidelberg, and from 

Frankfurt to Hannover via the Ruhr Valley. 

Due to the very ligh* traffic on the system, now 

and in the past, it is difficult to make any com- 

parison of the pavements with those in the 

United States laid under similar climatic con- 
ditions and on similar soils. It is likely that 

the volume of traffic on most of the primary 

roads in the United States is considerably 

greater than was observed at any location on 

the autobahnen. 

PART II.—DESIGN AND CONSTRUCTION 

Earthwork and Subgrade 

In the location and planning of the auto- 

bahnen, detailed surveys were made to evalu- 

ate soil and drainage conditions. Whenever 

possible, bad subsoils were bypassed. Where 

such areas could not be avoided, detailed 

investigation was carried out to determine the 

magnitude of the settlement of soft undersoils 

due to loading, the time required for such 

settlements to occur, and the most economical 

height and slope of embankments. When it 

was necessary to place high embankments 

over yielding subsoils, the completion of the 

earthwork was planned so as to permit the 

major portion of the settlement to take place 

before the concrete slab was placed. The 

course of the settlement was accelerated 

through lateral displacement of the subsoil by 

overloading or by blasting. 
_ In the design of the earthwork, danger from 
frost damage was given special attention. 

Soils which contained more than 3 percent of 
particles smaller than 0.02 millimeter were 

classified as subject to damage by frost either 

by heaving or by softening. It was recognized 

that water must be able to reach the frost zone 

by capillarity before frost damage could occur, 

and if the ground-water surface was at a 

greater distance below the frost zone than the 

capillary rise in the soil, no frost damage 

would result provided there was no entrance 

of water from the shoulders or side slopes. 

Efforts were made to avoid frost damage by 

the following means: 
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1. Placing the concrete slab a sufficient 

height above ground water to avoid saturation 

by capillarity, or lowering the ground-water 

table by drainage. 

2. Replacement of soils susceptible to frost 

damage with soils not susceptible to such 

damage. 

3. Use of layers of coarse granular material 

or of impervious strata such as bituminous 

concrete slabs, to prevent capillary rise of 

ground water. 

The following statement, from a publication 

entitled ‘Guiding Principles for Roadway 

Slabs” issued for the use of engineers engaged 

in the design and construction of the auto- 

bahnen, illustrates the importance placed on 

investigation of possible frost damage: ‘‘The 

prevention of frost damage must in every 

single case be exhaustively investigated ac- 

cording to terrain and change in soil, and may 

not be handled in a routine manner.” 

In areas where ground water was found to 

flow toward the road, it was intercepted by 

longitudinal drains. Drains were also used to 

lower the ground-water elevation under the 

roadway when such a procedure was con- 

sidered effective and economical. 

In a great majority of the mileage, the con- 

crete slab was placed on embankment. In 

flat terrain the grade line was raised 3 feet or 

more above the natural ground level, and in 

cuts the roadway was excavated below grade 

and backfilled with selected material. This 

procedure provided good drainage and in the 

open plains simplified snow removal. 

Cohesionless sand was used in fills wherever 

it was available. Sand was hauled long dis- 

tances to avoid the disturbance of farm lands 

that would result from taking borrow with a 

shorter haul. When sand was not available 

for the entire embankment, it was used in the 

top 8 to 32 inches. A thickness of 8 inches 

was most common. The sand was placed the 

full width of the grade in fill sections. 

Where sand for the entire fill was not avail- 

able, relatively thin layers of granular ma- 

terial were placed at several elevations and to 

the full width of the embankment. 

Embankment slopes were made steep (usu- 

ally 1%:1 or steeper) to reduce to a minimum 

any encroachment on farm land, and embank- 

ment slopes were protected against the en- 

trance of moisture by sodding immediately 

after completion. In some instances a full- 

width layer of granular material was placed in ° 

the bottom of embankments composed of co- 

hesive soil, to aid in the drainage. 

Cohesionless sands were compacted with a 

rammer called a “jumping frog.” The device 

CONCRETE SHOULDERS 
(ASPHALT SURFACE) 

i 4" 

/| 24 730 

GRASS CENTER STRIP 

Figure 4.—‘‘ Jumping frog”? used to compact 

cohesionless sand. 

was actuated by explosions of gasoline in a 

cylinder and the explosions were controlled by 

a manually operated spark. A photograph of 

one of these machines taken by F. R. Mc Millan 

is shown in figure 4. The weights of the 

“frogs” for embankments varied from 4 tol 

ton and for the area under the paved shoulder a 

machine weighing 800 pounds was used. 

Cohesive soils (silty clays and clays) were 
compacted with smooth-face and sheepsfoot roll- 

ers. The thickness of each layer of soil before 

rolling was approximately 18 inches. A field 

laboratory was maintained on each project 

where cohesive soil was used, and the moisture 

and density of the soil were carefully con- 

trolled. Very little effort was made to com- 

pact sand or cohesive soil back of bridge abut- 

ments and, as a result, there are many settle- 

ments in the approaches to bridges. That 

such settlements were anticipated is evi- 

denced by the fact that stone setts were placed 

adjacent to many bridges so that fill settle- 

ment could be corrected conveniently. The 

setts were arranged in a fanlike pattern similar 

to that employed in the case of Durax block 

in this country. 

Shoulders 

The use of paved shoulder strips, described 

in detail in the next section of the report, 

has been effective in keeping the traffic on the 

pavement. As a result, there has been no 

rutting or destruction of the sodded area of 

the shoulders. The sod in all cases observed 

was very thick and tough and even though 

there has been very little mowing or other 

care given to the shoulders or embankment 

slopes, they were in good condition and looked 

reasonably neat. Typical views of the 

shoulder strips are shown in figure 2. 

CONCRETE PAVEMENT 

1.5% > ae ee 

3' a 

24a a IN 

' a 

72' 4 

Figure 5.—Typical cross section of four-lane autobahn. 
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Figure 6.—Where dark-colored pavement 

was used, the shoulder strips were of 

plain concrete for contrast. 

Pavement Design 

With few exceptions, the entire system was 

designed to provide for a four-lane divided 

highway, with opposing traffic separated by a 

grass center strip about 13 feet wide. A cross 

section of a typical design is shown in figure 5. 

In this figure and throughout the text, the 

metric dimensions used by the German engi- 

neers have been converted to their approxi- 

mate English equivalents. Pavements were 

uniformly 24 feet 7 inches wide, with a longi- 

tudinal center joint. Construction, in general, 

was full width in one operation, with a longi- 

tudinal joint of the weakened plane type. 

Lane-at-a-time construction was occasionally 

used, the longitudinal joint between the slabs 

in this case probably being of the butt type, 

although information on this detail is lacking. 

Light steel tie bars were used across the longi- 

tudinal joint to prevent separation of the 

pavement slabs due to settlement or other 

causes. 
All pavement slabs were of uniform depth, 

8 or 10 inches in thickness, although heavier 

sections were used occasionally. A unique 

feature of the design was the hard-surfaced 

shoulder strips. These were usually 1 foot 

4 inches wide on the inside shoulder and 3 feet 

3 inches wide on the outside. On later work, 

however, the outside width was increased to 

7 feet 4 inches, apparently with the idea of 

providing more adequately for emergency 

parking. The shoulder strips were usually 

about 10 inches in depth, the lower 7 inches 

usually being of concrete and the upper 3 

inches of asphalt. The purpose of the as- 

phaltic surface was to provide a contrast in 

color and thus define the outside edge of the 

traffic lane. In cases where dark-colored 

concrete or asphalt was used in the pavement 

proper, plain concrete was used in the top 

course of the paved shoulder strip (fig. 6). 

The concrete base for the shoulder strip 

was constructed before the pavement slab and 

was utilized:as a base upon which to mount 

the rails carrying the heavy construction 

equipment used in the mixing, placing, and 

finishing operations. The asphalt top was 

placed to the elevation of the finished roadway 

after the completion of the pavement proper. 

So far as the design of the slab itself is con- 
cerned, practice appears to have been pat- 

terned largely after that followed in this 

country, except that the Germans did not use 
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the thickened-edge section. Practice as re- 

gards transverse expansion-joint spacing var- 

ied widely. For nonreinforced sections the 

joint spacing was generally indicated as 26 

feet, whereas for reinforced sections spacings 

varied from a minimum of 39 feet to a maxi- 

mum of 98 feet. Observations at the time of 

the inspection indicated an average expansion- 

joint spacing of from 40 to 60 feet. It was 

also quite common practice to systematically 

increase the joint spacing from slab to slab in 

increments of 3 feet or so, with periodic return 

to the first spacing, apparently in an effort to 

avoid setting up rhythmic vibrations in cars 

traveling at constant “speed. Weakened- 

plane contraction joints were frequently in- 

stalled, particularly in the case of the longer 

expansion-joint spacings. 

Load transfer was provided by means of 
conventional round steel dowels, 14 inches 

long and % inch in diameter, with a sleeve 
over one end. One typical design for an 
8-inch section shows the dowels spaced 12 

inches apart at the center of the slab with 

somewhat closer spacing near the edge. In 

this design the expansion-joint opening is 

shown as % inch at the top, with a wood filler 
¥% inch in thickness. 

Practice as regards the use of reinforcing 

steel also varied. It was apparently not used 

at all in 1935 but was employed quite exten- 

sively in 1936, mostly in the form of a light 

mesh weighing from 42 to 51 pounds per 100 

square feet. Steel mesh was usually placed 

after screeding the lower course of concrete 

and before placing the upper or wearing course. 

This placed the steel at about one-third the 

depth of the slab, or about 3 inches from the 

top. Use was also made of corner- and edge- 
bar reinforcing during this period. The use of 

reinforcing was discontinued in 1937 and there- 
after, due to a shortage of steel. 

Materials 

Mr. M. A. Swayze’s trip to Germany in 

1945 was made for the specific purpose of 

studying the German cement industry. With 
Mr. G. G. J. Davis, representing the portland 

cement industry of Great Britain, he visited 

some 28 cement plants, all located within the 

American and British Zones. The results of 
their survey have been reported in consider- 

able detail elsewhere,’ but are summarized by 

Mr. Swayze in his report on war damage in 

Germany, previously cited, as follows: ‘‘The 

great majority of the plants visited were 

making a product which was inferior in prac- 

tically every way to the cements manufac- 

tured in the United States or in Great Britain. 
Their control of raw mix proportions was gen- 

erally lax, and fine grinding of these materials 

which we believe essential for good quality was 

nowhere near that of American practice. The 

burning operation is much lighter than ours, 

even in plants with modern kilns, and free 

1 German cement industry, F. I. A. T. final report No. 519, 

by M. A. Swayze and G. G. J. Davis, for the Field Informa- 

tion Agency, Technical, United States Group Control 

Council for Germany; published by the British Intelligence 

Objectives Subcommittee. H. M. Stationery Office, Lon- 

don, November 20, 1945. 

lime contents as high as 2.5 percent are not 

uncommon,” 
Mr. Swayze’s appraisal was, of course, 

based on observations of conditions in 1945. 

To just what extent economic conditions, 

particularly an acute fuel shortage, may have 

tended to lower postwar manufacturing 

standards as compared with those in effect 

during the thirties, cannot be stated definitely. 

Furthermore, the cements used in the con- 

struction of the motor roads were supposed 

to meet special requirements for flexural 

strength, drying shrinkage, and fineness 
which were not imposed in the case of the 

ordinary product. Even so, it seems probable 

that even these specially selected cements 

were quite inferior, when judged by our stand- 

ards, to modern American cements. For 

example, Swayze’s survey indicated that, 
entirely aside from the matter of fuel economy, 

the methods for controlling uniformity of 
product, such as facilities for storing and 
handling clinker, proportioning materials in- 

cluding the gypsum, etc., were very crude as 
compared to modern American practice. 

This conclusion would, of course, apply as 

well to the prewar Germah cement as to the 
postwar product. 

The autobahn cements were undoubtedly 

somewhat coarser than our present-day 

American cements. The Germans required 
that between 5 and 25 percent be retained 
on a sieve having 178 openings per inch. 

Compare this with the modern American 
cement, which rarely will have more than 3 

or 4 percent retained on the standard No. 200 

sieve (200 openings per inch). Particle-size 

distribution in the typical autobahn cement 

was also probably quite different. According 

to Swayze, practically all finish grinding in 
German cement mills is by open circuit as 
compared with our modern closed-circuit 

operation using air separators. In open-circuit 

grinding, the final cement product contains ~ 

the various sizes just as produced in one con- 

tinuous passage through the grinding mills. 

In closed-circuit grinding, thé various sizes 

are classified by means of air separators and 

the coarser particles are returned to the mills 
for further grinding. 

It is probable also that the German cements 
were not as hard burned as our modern ce- 

ments. Apparently the only requirement for 

soundness was a 2-hour boiling test. The 

autoclave test has never been used. Accord- 

ing to the best technical thought in this coun- 

try, an autoclave test is absolutely essential 

for the proper control of soundness. 

failures in the United States, particularly in 

the southeast, have been attributed to the 

absence of an autoclave requirement in speci- 

fications, and it will be interesting to note 

when discussing the present condition of the 

autobahnen that such a requirement has never 
been used by the Germans. 

According to Prof. Otto Graf,’ cements for 

Many © 

concrete road construction were selected from — 

the commercially available products, on the 

basis of the following characteristics: 

8 Choice of cements for concrete road construction and some 

questions regarding same, by Otto Graf; Zement, vol. 25, No. 33, 
Aug. 13, 1936. 
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—y . High flexural strength. 

2. Moderately high (adequate) compres- 

sive strength. 

3. Low drying shrinkage. 
4. Moderately coarse grind. 

In addition, as mentioned above, all cements 

were required to pass a 2-hour boiling test for 

soundness. This was a field control test for 

uniformity during manufacture, the other 

tests being used primarily as prequalification 

tests to determine the acceptability of a par- 

ticular source. 

Apparently no attempt has been made in 

Germany to classify cements by chemical 
composition in a manner similar to that 

employed in the five-type specification recog- 

nized by the American Society for Testing 

Materials. So far as could be determined, 
any cement that would qualify on the basis 

of the physical tests outlined above would be 

acceptable as to chemical composition on much 

the same basis as the Type I cement in the 

A. 8. T. M. specifications, with one exception 
—the Germans placed an upper limit of 3 

percent on magnesia instead of the 5 percent 

used in most American specifications. As a 

matter of information it should also be noted 

that the alkalies (sodium and potassium 

oxides) in German cements are said to run 

quite low as compared to many American 

cements. 

In addition to straight portland cement, the 

Germans recognized two types of portland- 

blast-furnace slag cement: LEisenportland, 

containing about 70 percent portland cement 

and 30 percent blast-furnace slag, and Hochof- 

en cement, containing about 15 percent port- 

land cement and 85 percent blast-furnace slag. 

Because of its slow hardening characteristics, 

the Hochofen cement was not used to any 

extent in road work. The Eisenportland, how- 

ever, was used quite extensively, particularly 

in northern Germany. The manufacture of 
this type was, of course, limited to those 

plants sufficiently close to the blast furnaces 

‘to make the utilization of the slag economi- 

eally justifiable. The availability of almost 

unlimited quantities of slag, together with the 

great saving in fuel, made the manufacture of 

Kisenportland very attractive; and it is 

understood that in the neighborhood of one- 

third of the entire mileage of motor roads 

contains this type of cement. 
-The instructions governing the selection, 

processing, and control of aggregates for con- 

crete pavement construction were such as to 

insure excellent results from the standpoint 

both of the quality of the hardened concrete 
and the uniformity of the consistency of the 

mixture as it was placed. Aggregate quality 

was insured through the use of compressive 

strength and wear tests in the case of crushed 

rock and wear tests in the case of gravel. 

Hard rocks, such as granite, basalt, and 

quartzite, were preferred. Durability was 

judged apparently on the basis of experience, 

as the record does not indicate that laboratory 

tests for soundness were used. Blast-furnace 

slag was permitted but the inspections did not 

reveal that it had been used to any extent. 

The requirements for blast-furnace slag were 

stated to be about the same as for crushed 
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rock. Considerable attention was paid to the 

matter of impurities, and freedom from flat 

and elongated particles was insured by re- 

quiring that the breadth of an individual par- 

ticle should be not less than 65 percent of its 

length and that its thickness should be not less 

than 25 percent of its length. 

In the matter of separated sizes, German 

practice differed markedly from that employed 

in this country in that it was apparently the 

universal practice to require that the sand or 

fine aggregate be furnished in at least two 

fractions, 0-0.12 inch and 0.12-0.28 inch. 

To insure better control of grading, the ma- 

terial below 0.12 inch was sometimes still 

further separated into two or three sizes. It 

is obvious that with so many separations, 

very close control of the total fine aggregate 

grading could be obtained. 
For the larger sizes, the separations were 

usually 0.28-0.59 inch and 0.59-1.18 inches. 

These were the size separations for the top 

course. In two-course construction, a some- 

what larger (1.58-1.97 inches) maximum size 

was used for the bottom course. 

Most of the pavements on the autobahnen 

were constructed in two courses. This was 

necessary not only because of the difficulty of 

properly compacting a single course of very 

dry concrete 8 to 10 inches in depth, but also 

because this type of construction made it pos- 

sible to use a somewhat inferior type of aggre- 

gate in the lower course—a matter of consider- 

able economic importance in some instances. 

Composition of Mix and Proportioning 

It was the general practice to design all pav- 

ing mixes in the laboratory prior to construc- 

tion, using the same cement and aggregates to 

be furnished later to the job. The basis of the 

design was the development of a mix that 

would (1) have sufficient workability for plac- 

ing and finishing with the equipment to be 

used on the work, and (2) result in concrete 

conforming to the following requirements for 

strength at 28 days, using a cement content of 

not less than 1.35 barrels per cubic yard and 

not more than 1.57 barrels per cubic yard: 

Flexural Strength: Lbs. per sq. in. 

IVETE ee ee 540 

AVOTACGL Jen ce eee eS 640 

Compressive Strength: 

IVETATViN te eg es ot 4, 700 

Averaged eee Be 2k We ee 5, 700 

It was further provided that the strengths 

at 7 days should not be less than 70 percent of 

the above values. It was the practice also to 

check the strength design by means of tests of 

compression and flexure specimens made dur- 

ing construction and by means of tests on cores 

made at the age of approximately 60 days. 

As previously stated, aggregates were sup- 

plied in a number of separated sizes. Instruc- 

tions for the design of mixes required that the 

available sizes be so proportioned that the 

combined grading curve would fall within the 

limits shown by lines K and D in figure 7. 

The instructions also stated that the exact 

position of the combined grading curve be- 

tween these limits would depend upon the na- 

ture of the aggregate (that is, the curve would 

be lower for gravel than for crushed stone) and 

also upon the efficiency of the placing equip- 

ment. In general, a curve below line J but 

above line D would be permitted only in cases 

where compacting machines of proved effi- 

ciency were to be employed. 

The amount of mixing water apparently 

was not specified directly but was indicated as 

the minimum required for the chosen method 

of placing. For the zero-slump concrete 

which seems to have been used normally, a 

water-cement ratio between 0.35 and 0.50, by 

weight, was specified. Apparently a some- 

what higher water-cement ratio was permitted 

when the concrete contained crushed stone 

than when gravel was used. 

Paving Operations 

In contrast to design practices, the con- 

struction methods used by the Germans were 

SIEVE OPENING, U.S. STANDARD SIZE 

100 

80 

a te} 

40 

PERCENT PASSING 

SIEVE OPENING IN MILLIMETERS 

Figure 7.—Grading curves for proportioning combined aggregate. 
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Figure 8.—Construction on the autobahn south of Stuttgart: (A) Dumping concrete into spreader hopper; (B) spreading concrete; (C) 

watering curing mats. 

(F) after the final finishing. 

totally different from those employed in this 

country. With minor exceptions it was the 

German practice to use trains of heavy travel- 

ing equipment in connection with the various 

paving operations on the autobahnen. This 

equipment, spanning the entire 25-foot-wide 

pavement slab, was carried on steel rails 

which, in turn, were mounted on the concrete 

shoulder strips previously mentioned. Sepa- 

rate mixers, spreaders, and finishers were used 

for each course. Mixers traveled on the rails 

and not on the subgrade and were serviced 

by industrial railways running on the center 

strip. Proportioning was at a central plant, 

each size of aggregate being weighed sepa- 

rately. The mixer was sometimes mounted 

separately and sometimes on the same frame as 

the spreader. Spreaders were of the vertical- 

discharge hopper type. After receiving a load 

of concrete they were discharged by moving 

the hopper slowly from one side to the other 

as the entire machine moved forward. 

It was the general practice to use a very 

dry (zero-slump) mix in pavement construc- 

Texture of the concrete is shown (D) after spreading, (E) as the Vogele vibrator began a second pass, and 

tion. In this respect the Germans followed 

British practice rather than that favored 
generally in this country. Such mixtures are, 

of course, entirely unsuited for use with an 

ordinary power-driven screed, which exerts 

comparatively little compactive effort but 

merely smooths the surface after the concrete 

has been distributed by the spreader. Ger- 

man engineers have developed several types 

of compaction equipment. In fact, consider- 

able research appears to have been conducted 

on the problem, the results of which are 

Figure 9.—Construction on the autobahn north of Kassel: (A) Mixer spanning subgrade, with industrial railway alongside; (B) Dingler 

tamper in operation; (C) sunshades used for preliminary curing. Texture of the concrete is shown (D) before and after tamping, and 

(E) after brooming. 
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(F) Woven-reed curing mats were used. 
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discussed in detail in a report by Schade 

originally issued in 1940.° 
There were two general types of finishers 

used on the motor roads, the Végele and the 

Dingler. The Voégele was a three-element 
machine, the first and third elements being 

reciprocating screeds of the usual type. 
Mounted between the screeds was a heavy 

plate which could be operated either as a vibra- 

tor or a tamper. Vibrating frequencies were 

originally quite low (150-250 per minute) but 

were later increased to as high as 3,600 per 

minute. It was sometimes operated alter 

nately as a tamper and as a vibrator in suc- 

cessive passes, and frequently several passes 

were required to obtain the desired finish. 

The Dingler machine was a very much heavier 

piece of equipment. It consisted of a series of 

tamping hammers, with 4- by 10-inch faces, 

weighing 55 to 120 pounds each and mounted 

in a row just behind the front screed. The 

height of fall was about 6 inches and they were 

operated at about 70 blows per minute. These 
tamping hammers were apparently only used 

for compacting the lower course. The final 

finishing was by means of a combined screed 

and tamper operating at about 600 strokes per 

minute and several passes were usually re- 

quired to produce the required finish.” 

Another unique feature was the practice of 

conducting the placing, finishing, and prelimi- 

nary curing operations under sunshades. 

These were mounted on light wooden frames 

spanning the entire pavement and carried on 

light steel rails mounted outside and parallel 

to the concrete shoulder strips. In this way 

the concrete was protected from sun and wind 

from the time it was placed until it had hard- 
ened sufficiently to receive the final curing 

mats. The frames used for protecting the con- 

crete during placing were sufficiently high to 

permit the equipment to pass under them and 

to accomodate the men working on the final 

finish. The frames used for the preliminary 

curing were low and were completely enclosed. 

During the summer of 1936 Mr. F. R. 

MeMillan, of the Portland Cement Associa- 
_ tion, visited Germany and took a number of 

photographs of the various paving operations 

in use that year. The authors have his very 

kind permission to include in this report several 

of these photographs, which illustrate in a 

_ striking manner the marked difference between 

the construction methods used by the Germans 

und those in use in this country. 
Figure 8 illustrates several operations on 

sections of the autobahnen just south of 

Stuttgart. The pictures were taken on July 

23, 1936, and this particular section was 

inspected by the authors on July 28, 1947, 

just 11 years later. Figure 8A shows the mixer 

discharging a batch of concrete into the 

® The mechanical finishing of concrete in road construction, 

with special reference to vibration: A new way of increasing 

output, by R. Schade, 1940; translated from the German by 

L. Baumgartel: Library Communication No. 70, Depart- 

‘ment of Scientific and Industrial Research, British Road 

Research Laboratory, February 1947. 

10 Further details regarding construction equipment may 

be found in Concrete road construction on the Reichsautobahnen, 

by F. G. Turner, for the British Ministry of Transport. 

H. M. Stationery Office, London, 1939. 
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spreading hopper which then moves forward 

under the sunshade and discharges as shown 

in figure 8B. The spreader was moving from 

right to left when the photograph was taken. 

Note the very dry concrete, shown in greater 

detail in figure 8D. Figure 8H shows the 

Vogele finisher starting its second pass and 

figure 8F the final finish which, in this case, 

was only secured after several passes of the 

machine. Figure 8C is another view of the 

final surface. It also shows the woven-reed 

curing mats which were left in place for 3 

weeks and were kept continuously wet during 

that period. This view also shows the light 

rail used to carry the sunshade frames. In 

his notes accompanying the photographs, 

Mr. McMillan states that the usual rate of 

progress, using machinery of the type de- 

Figure 10.—Transverse cracking was com- 

mon throughout the system. 

scribed, was about 1,000 feet in 16 hours for 

full-width construction of 24 feet 7 inches. 

Figure 9 illustrates operations ona section 

about 40 miles north of Kassel on which the 
Dingler machine was being used. Figure 9A 

shows the concrete mixer spanning the sub- 

grade with the industrial railway on the right. 

Figure 9B shows the tamping machine in 

action compacting the lower course. Note 

again the dry consistency of the concrete. 

Also note that this particular operation was 

not protected by sunshades. Figure 9D 

illustrates the appearance of the concrete in 

the surface course before and after compaction 

by the tamping screed. Figure 9H shows the 

finished surface being given a light brooming 

and figure 9C shows the low sunshades used 

during the preliminary curing. Figure 9F 

is a general view of the pavement with the 

curing mats in place. 

PART III.—PRESENT CONDITION 

Structural Defects 

The structural defects that usually develop 
in concrete roads in the United States were 

found in the German pavements. 

Transverse cracking was common and was 

not confined to any particular part of the 

system. There seemed to be no relation be- 

tween transverse cracking and terrain or soil 

conditions. In most instances the cracks were 

closed and were not discernible at speeds nor- 

mally traveled by automobiles. In some cases 

the cracks were open and the expansion joints 
had closed. This condition was noted on a 

section just north of Géttingen, near Kassel. 

Transverse cracking seems to be most pro- 

nounced on the route from Hannover to Frank- 

furt through the Ruhr Valley, from Frankfurt 

to Kassel, and from Frankfurt toward Heidel- 

berg. The cracking shown in figure 10 is 

typical of that observed. 

Spalling at transverse and longitudinal joints 

was found principally in the area around 
Frankfurt. At the transverse joints this 

appeared to be due in most instances to the 

infiltration of sand and other incompressible 

debris into the joint and the subsequent over- 

stress of the concrete upon expansion of the 

pavement. Figure 11 illustrates the spalling 

at joints in the vicinity of Frankfurt. 

Faulting at joints and at transverse cracks, 

in most instances less than % inch, was 

’ observed in areas where there was evidence of 

a considerable amount of traffic. At a loca- 

tion approximately 50 miles west of Kamen 

faulting of joints in the outside lanes of the 

pavement was found to be % to % inch. 
Faulting in the outside lane in the Ruhr- 

Frankfurt area is shown in figure 12A. The 

photograph was taken with the camera facing 

in the direction of the traffic and it should be 

noted that the expansion joints in the left lane, 

which had not faulted, are visible while those 

in the right lane had faulted sufficiently to be 

obscured. 

In the Miinchen—Salzburg section there 

were a few small corner breaks. With few 

exceptions, these were the only corner breaks 

found in the entire mileage inspected. A 
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Figure 11.—Spalling at joints occurred principally in the vicinity of Frankfurt. 

small corner break which has been patched is 

shown in figure 138A. 

Some faulting and some spalling were ob- 

served at the longitudinal center joints. In 

many instances the longitudinal center joint 

was crooked. The longitudinal joints shown 

in figures 13C and D are typical of the condi- 

tion frequently observed. 

The riding surface of the pavement over a 

considerable portion of the mileage inspected 

was poor as compared with standards in the 

United States. For example, in the section 

from Berlin to Braunschweig the pavement 

was rough and there were many small areas 

where there was evidence that bush hammer- 
ing had been resorted to in an effort to pro- 

duce a better riding surface. On the other 

hand, there were many long stretches of 

smooth-riding pavement. Here again, there 

appeared to be no relation between the degree 

of smoothness and soil conditions, terrain, or 

other factors. 

Mud Pumping and Warping 

Evidence of mud pumping at joints in the 

concrete pavement was not found on the 

autobahnen. The absence of pumping over 

the areas where fine-grain soil subgrades pre- 

dominate may be attributed to the passage 

of relatively few heavy loads and to the use of 

76 

a layer of granular material such as sand or 

sand-gravel under the pavement. The seal- 

ing of the expansion joints and cracks to 

prevent the entrance of surface water was 

inadequate. 

Warping was observed in a short section 31 
miles south of Kéln. The soil in this area is 

a silty clay and would be susceptible to suffi- 

cient volume change with an increase in 

moisture content from a dry compact state 

to cause warping. The layer of cohesionless 

granular material usually used under the 

pavement on the autobahnen would not be 

effective in preventing warping. Observation 

of this section was made during a light rain- 

storm and the water falling on the pavement 

was running away from the joints, indicating 

that they were high. This condition is 
illustrated in figure 12B. 

The asphaltic surfaces of the shoulder 

strips were generally in good condition. 

Occasional local failures were noted. 

Quality of the Concrete 

So far as could be determined from an ex- 

amination of the surface of the pavements and 

from chip samples taken from the corners or 

edges of the slabs, the quality of the concrete, 

with few exceptions, appeared to be excellent. 

The concrete had a good ring under the 

hammer and the difficulty encountered in. 

breaking off the chip samples revealed, in 

general, a high degree of strength and tough- 
ness. Asa further check on quality, a number 

of the chip samples were examined under the 
microscope in an effort to determine something 

of the character of the matrix, the presence and 

nature of voids, etc. Thin-section examina- 

tions were also made of many of the igneous: 

aggregate types found in the samples. These 

data are summarized in table 2. 
As will be noted, the examination of the chip- 

samples revealed the concrete generally to be: 

of excellent quality. There was no evidence: 

of excess water. On the contrary, with the: 

exception of sample No. 7, which was of 

bridge concrete, such voids as were noted 

were quite large and evidently of air origin,. 

indicating that mixtures of very dry consis-- 

tency had been used. This is borne out by 
the construction record to which reference 

has already been made. The bond between. 
matrix and aggregate particles was in practi- 

cally all cases sufficiently strong to fracture 

the aggregate particles themselves, again re- 

vealing good strength and probably a high 

degree of durability. 

lane (Ruhr-Frankfurt). 

resulted in high joints (Ruhr-Frank- 
(B) Warping 

furt). (C) Surface scale was seen only 

on the Miinchen-Salzburg route. 
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In the microscopic examination a magnifi- 

cation of 20 diameters was used, with a change 

to 50 diameters when some special detail 

seemed to indicate the desirability of the 
increased power. In none of the specimens 

was there any evidence of water gain beneath 

the lower surfaces of the aggregate particles. 

Surface Texture 

A characteristic feature of the pavement 

surface is the general absence of the rather 

heavy mortar top which we frequently leave 

on our roads and which so often scales off, 

leaving the surface rough and unsightly. An 

examination of the surface indicated, in most 

instances, the use of a mix that contained just 

enough paste to fill the voids in the aggregate 

and leave a small excess for finishing. Sur- 

faces were dense and compact, with the coarse 

aggregate either just below the top or actually 

exposed in some degree. Typical illustrations 

of variations in the surface texture are shown 

in figure 14. Figure 144 is a view of a surface 
on which the screed marks are still showing. 

The corrugations are quite shallow and are 

about 1 inch apart. This particular photo- 

graph was taken just east of the Bad Oeyn- 

hausen interchange on the road to Hannover. 

Other sections showed the same condition, 
particularly on the inner lanes which, of 

course, carry less traffic. Figure 148 illus- 

trates a fine-grained sand finish texture which 

was also noted in several places. The photo- 

graph was taken on the same road as figure 144A 

and about 5 miles east of the interchange. 

Figures 14D-F illustrate varying degrees 

of coarse aggregate exposure. Figure 14D 

indicates the type of surface about 7 miles 

south of Frankfurt on the road to Stuttgart; 
figure 14H a section of the Hamburg—Liibeck 

road; and figure 14F, a section between 

Hannover and Berlin at kilometer post 194. 

Note in the last-mentioned illustration that 

coarse aggregate up to 1 inch in size, which is 

close to the maximum size used in the top 

course, is exposed. Many of the exposed 

aggregate surfaces are smooth, with a ter- 

_razzolike texture, probably the result of slight 

Figure 13.—(A) A patched corner break (Frankfurt-Stuttgart). (B) A large random 

crack (Hannover-Ruhr). 

Frankfurt). 

surface wear. In many places this type of 

surface was noted in the center of the traffic 

lanes (particularly the outside lane) with the 

original thin mortar surface showing at the 

extreme edges. In other sections where the 

coarse aggregate was exposed, particles of the 

hard igneous rock protruded slightly above 

the mortar, producing a slightly rough surface. 
This condition may have resulted from the 

scaling off of the light surface mortar or it 

may have been the result of wear—it is difficult 

to determine the exact cause. However, it 

should be emphasized that the slightly rough 

surface is not objectionable from the stand- 

point of ridability. Neither should the ex- 
posure of the aggregate have any detrimental 

effect on the ultimate durability of the con- 

crete, since the quality of both aggregate and 

concrete was excellent. 

(C, D) Typical faulting of longitudinal joints (Ruhr- 

There was evidence of surface grinding in 

several places. This was undertaken, evi- 

dently, to correct irregularities resulting from 

the difficulty of finishing the very dry con- 

crete generally used. 
A detail of the surface texture of black- 

colored concrete is shown in figure 14C. 

Scale and Disintegration 

With the exception of one section in southern 

Germany, the entire 1,000 miles of pavement 

covered by this inspection were found to be 

practically free from scale, either of the surface 

or of the progressive type. Only on certain 

stretches of the Miinchen-Salzburg section 

in Bavaria was surface scaling noted in any 

appreciable amount. Figure 12C is a general 

view of the pavement showing about the worst 

condition observed. This picture was taken 

Table 2.—Results of microscopic examination of chip samples 

Location 

Coarse 

1 | Hamburg-Bremen------____-_ 

2| Frankfurt-Stuttgart,20miles | Basalt_....__..--__--- 
south of Frankfurt. 

3 | Frankfurt-Stuttgart, 34miles | Rhyolite___...__-_--- 
south of Heidelberg. 

4 | Stuttgart-Miinchen, 15 miles 
south of Stuttgart. 

Miinchen-Salzburg, 20 miles 
west of Austrian border. 

Hannover-Ruhr, 30 miles 
west of Bad Oeynhausen. 

aon 

7 | Ruhr-Frankfurt (bridge) _____ Basalt, feldspathic 
sandstone. 

8 | Ruhr-Frankfurt, 28 miles | Basalt_...._.....----- 
south of Leichingen. 

9 | Frankfurt-Stuttgart, 20 miles 
south of Frankfurt. pathic sandstone. 
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Olivine basalt__..___- 

Limestone and syenite.| Quartz, limestone, chalced- 

Altered granite__..-_- 

iBasalpes-- S25 e8e32_5. 

Granodiorite, felds- 

Aggregate types 

Fine Aggregates 

Quartz, with sandstone, | Sound. No weathered par- 
quartzite, and chalcedony. ticles. 

Quartz, quartzite with some |_---_- £604 tie tens payline AS dee ee. Y 
chalcedony and limestone. 

Quartz, feldspar, and chal- |----- OO ee Res ree 
cedony. 

Sound and strong. Break 
surfaces of yellowish tint. 
Possibly some weathering. 

Sound 

onic chert, granite, feld- 
spar. 

Sandstone, quartz, granite, 
limestone, feldspar. 

Quartz, quartzite, plus other 
unknown fragments. 

Quartz, syenite, feldspar, 
feldspathic sandstone. 

Sound, unweathered ma- 
terials. 

Sound. No evidence of 
weathering. 

Sound. One weathered par- Quartz, granite, feldspar-_--- 1 
ticle. 

Quartz, quartzite, feldspar-_- 

Comment concerning— 

Matrix Fracture 

Mass crystalline. Excellent | Through aggregate par- 
bond on aggregate surfaces. ticles. 

Mass crystalline and well Do. 
bonded to aggregate. 

Mass crystalline and well Do. 
bonded to aggregate. Excel- 
lent bond. No limy deposit 
in air pockets. 

Mass crystalline and well 
bonded to aggregate. No 
limy deposit in air voids. 

Mass crystalline. Mortar 
very dense. 

Mass icrystalline 52 ta 

Through aggregates. 

Through nearly all aggre- 
gate particles. 

Through aggregate parti- 
cles. 

Mass crystalline. Water voids 
show no evidence of limy 
deposit. Strong and dense 
in appearance. 

Mass crystalline with few air 
voids. No evidence of limy 
deposit. Dense, strong con- 
crete. 

Light gray; mass crystalline. 
Few air voids. No limy 
deposit. 

Few fractured aggregate 
particles, indicating 
lower bond strength 
than in other samples. 
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Figure 14.—(A) In some places screed marks still appear as shallow corrugations. 

fine-grained sand finish. (C) Black colored concrete. (D-F) Typical appearance of 

varying degrees of coarse aggregate exposure. 

about 20 miles west of the Austrian border 

at Salzburg. Figures 15A and C are details 

showing the type of scaling that has developed 

on this section. It is apparently of the surface 

type only; that is, the concrete below the 

sealed areas appeared to be sound. Figures 

15A and C indicate a rather heavy layer of 

surface mortar at this point and this fact, 

coupled with the possibility that the winters 

in this region, due to its high elevation, may 

be somewhat more severe than elsewhere in 

western Germany, may account for the scaling. 

However, in this connection it should be noted 

that, according to weather records as shown 

in table 1, the average January temperature 

at Miinchen was only slightly lower and the 

annual rainfall only slightly higher than for 

the more northern cities. 

It has been stated that the distress which 

developed on the Miinchen—Salzburg section 

at a relatively early period was due to the use 

of inferior aggregate. A chip sample (No. 5 

in table 2) taken at the approximate location 

shown in figure 15A did not, however, reveal 

the presence of an appreciable amount of 

inferior material, although the petrographer 

did indicate that the coarse aggregate in this 

sample was an “‘altered granite.” Just how 
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much the generally poor subgrade conditions 

in this area, or other factors, may have con- 

tributed to the scaling is not known. 

Only isolated scaled areas, all of the surface 

type, were noted elsewhere on the system. 

Figure 15D is a detail of a local scaled area 

on the Frankfurt-Stuttgart section, a few 

miles south of Frankfurt. From the stand- 

point of general condition this is one of the 

poorest sections on the autobahnen. As 

previously noted, considerable spalling at 

joints (see fig. 11) has also developed on this 

section. Figure 15B is a detail showing a thin 

surface scale on the Hannover—Ruhr section, 

about 30 miles east of the Bad Oeynhausen 

interchange. ‘ This pavement, as well as many 

other portions of the system, had evidently 

been sprayed with bituminous material at 

some time, probably for camouflage purposes, 

The scale here is not deep enough to affect 

the riding quality of the surface. 

Incipient disintegration of the concrete, as 

revealed by the formation of so-called D 

lines along the edges of the pavement and 

along joints, was found at only one place on the 

system; a point on the Miinchen—Salzburg 

section where the worst scaling was found, 

The D lines in this case were found along the 

outside (north) lane and were very fine. The 

condition is shown in figures 15H and F. In 

the United States, cracks of this type have 
come to be associated with the beginning of 

disintegration due to accelerated weathering. 

The general freedom of the motor roads 

from scaling and other troubles associated 

with severe weathering may be attributed to 

the following factors, the listing not necessar- 

ily being in order of importance: 

1. The general excellent quality of the 

aggregates. 

2. The low water—cement ratio (usually 

0.45 or less, by weight). 

3. The practice of designing mixtures and 

compacting concrete in such a man- 

ner as to avoid the formation of a 

heavy surface layer of mortar. 

4. The comparatively mild winters. 

5. The fact that chloride salts were not 

used for ice removal. 

6. Thorough curing. 

The possible influence of all of these factors 

is fairly obvious. The role of the cement is 

not so apparent. According to Swayze’s re- 

port, the cements used in the autobahnen were 

distinctly inferior to those manufactured in 

this country. However, the concrete is good 

and from this fact we can conclude at least. 

that it is possible to make good concrete with 

the German cements provided the other con- 

ditions are right. Whether these cements 

would perform any better than the American 

cements under conditions that prevail in the 

northern part of the United States is another 

matter. An intensive research program would 

be necessary to answer this question. 

PART IV.—SUMMARY AND 

RECOMMENDATIONS 

As mentioned in the body of this report, 

the comparatively light traffic on the German 

motor roads, particularly as regards the move- 

ment of heavily loaded vehicles, as well as 

the comparatively mild climate, make com- 

parisons with the performance of concrete 

pavements in this country difficult. This is 

especially true if we attempt to compare the 

German primary roads with the heavy-duty 

concrete pavements of the industrial States 
of the north and middle west. Many of 

these roads undoubtedly carry a far heavier 

volume of truck traffic than any of the motor 

roads in Germany. The question therefore 

is: How would the German roads perform 

under similar climatic and traffic conditions?. 

It is, of course, impossible to say definitely. 
However, it is the authors’ opinion that these 

two factors—the low volume of heavy truck 

traffic and the relatively mild climate—prob- 

ably account for the comparative freedom of 

the German motor roads from structural 
defects and that, under comparable climatic 

and traffic conditions, the structural perform- 

ance of the German roads would be about the 
same as the average concrete pavement in 

this country. This opinion is borne out by 

the fact that structural failures such as joint 

spalling, faulting, ete., were found to be more 

numerous and, in general, more serious on 

sections of the system where the indications 

pointed to the heaviest traffic. 
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In this opinion, the authors also recognize 

the beneficial effect of using a layer of granular 

material under the pavement, particularly 

with respect to the control of mud pumping 
at joints, a condition which was not found 
anywhere on the system. 

The quality of the German concrete was 

excellent. Although the design strengths were 

not unusually high as compared to standards 

in use in the United States, the indications 

were that a high degree of uniformity was 

obtained. This may possibly be due to the 

care used in proportioning mixes, as, for ex- 

ample, the use of several sizes of aggregate 

and the practice of limiting the maximum size 

in the top course to about 1 inch. Reference 

was also made to the general absence of the 

relatively heavy mortar top which we see so 

often on our roads, and to the fact that this 

might have reduced the tendency to scale. 

It is believed that the principle of consolidat- 

ing the pavement slab by vibration is good 

although, in the authors’ opinion, the Ger- 
mans may have gone too far in their effort to 

use excessively dry concrete. This is indicated 

by the rather rough surface with occasionally 

noted evidence of grinding off of high spots. 

However, the principle of using as dry a mix 

and as low-sanded a mix as can be consolidated 

properly by the effective use of vibratory 

equipment is good and, in the authors’ opinion, 

should be encouraged in this country. 

The uniformly excellent durability of the 

concrete is probably also due, in part at least, 

to the excellent quality of the aggregates 

generally used. This is also a factor to which 

we might give more consideration in the 

United States. 
The probable influence of long continued 

and thorough curing also should not be ig- 

nored. Whether the elaborate precautions 

for protecting the fresh concrete from sun or 

wind were always necessary is problematical. 

However, the practice of thorough water 

curing, although old-fashioned in terms of 

modern American practice, is still, in the 

opinion of the authors, the preferred method. 

. The survey revealed nothing regarding 

cement except that, regardless of the quality 

of the cement used, the quality of the concrete 

was excellent; and also the fact that concrete 

containing LEisenportland (portland—blast- 
furnace slag cement) was, on the average, as 

good as concrete containing straight portland 

cement. Although it was impossible to de- 
termine on just what portions of the auto- 
bahnen the Eisenportland was used, it was 

stated to have been used on about one-third 

of the total mileage. This fact would seem 
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Figure 15.—(A-D) Surface scale occurred commonly on the Miinchen-Salzburg route 

but only isolated cases were observed elsewhere. (E, F) Incipient disintegration, 

revealed by D lines, was found only at one place on the system. 

to warrant the statement that its performance 

was satisfactory. 

Recommendations 

As the result of their examination of con- 
crete pavements on the German motor-road 
system the authors recommend that steps be 

taken to initiate a comprehensive program of 

research on each of the following subjects: 
1. Study of the possibility of insuring 

greater uniformity in pavement concrete by 

reducing the maximum size of the coarse 

aggregate. 

2. Development of more effective methods 

of compacting concrete in pavements by me- 

chanical means, such as vibration, tamping, 

etc. 

3. Study of the effects of variations in the 

chemical composition of cements and the 

methods of manufacturing cements on the 

properties of concrete. In this work the 

authors would go considerably outside the 

range in composition and fineness now being 

studied under the program of the ‘‘Long- 

time study of cement performance in con- 

crete.” 1 Work of this nature should be 

carried out by the manufacturers and might 

well be accomplished by an extension of the 

present program of the long-time study to 

’ cover these variables. 

11 For a description of this project, see Progress in the long- 

time study of cement performance in concrete, by F. R. MeMil- 

lan; Proceedings of the American Concrete Institute, vol. 13, 

No. 5, April 1942. 
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Analysis of Rectangular Reinforced Concrete 

Nections Subjected to Direct Stress 

and Bending in Two Directions 

The problem of determining the unit 

stresses in a reinforced concrete section 

subjected to direct stress and bending in 

two directions often occurs in the analysis of 

continuous frames, and a solution that 

simplifies the work and removes some of the 

drudgery is indeed welcome. The method 

presented in this article is an improvement 

over procedures now being used since it 

eliminates one of the variables—the slope 

of the neutral axis of the section—at an 

early stage. The slope is determined within 

a close degree of correctness, with fairly 

simple calculations, by first considering the 

entire area of the cross section as effective. 

LTHOUGH a wealth of material has been 
presented to the engineering profession 

on the subject of direct stress and bending in 

reinforced concrete sections, most of the data 

presently available are limited to the special 

case of the general problem; i. e., direct stress 

plus bending in only one direction. The more 

general problem, direct stress plus bending in 

two directions along axes 90 degrees apart, 

has been treated in general terms only by Cross 

and Morgan,!2? and more specifically by 

Saville. The standard specifications of the 

American Association of State Highway 

Officials gives the general equation for 

determining the position of the neutral axis 

for the general case, but this equation is not 

very helpful without a knowledge of how to 

apply it. 

The problem of determining the unit stresses 

in a reinforced concrete section subjected to 

bending and direct stress in two directions 

occurs rather frequently in practice. Every- 

day examples of this problem, among many 

others, are building columns in ordinary beam- 

and-girder construction with bending induced 

by girders in two directions framing into the 

1 The column analogy, by Hardy Cross; University of 

Illinois Engineering Experiment Station Bulletin No. 215; 

October 1930. 

? Continuous frames of reinforced concrete, by Hardy Cross 
and N. D. Morgan; John Wiley & Sons; 1982. 

+ Analyzing non-homogencous sections subjected to bending 
and direct stress, by W. G. 8. Saville; Civil Engineering, vol. 
10, No. 3, March 1940; p. 170. 

4 Standard specifications for highway bridges (1944); American 
Association of State Highway Officials. 
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columns, open-framed bridge bents and abut- 

ments in continuous construction with bending 

induced by longitudinal girders and transverse 

cross beams, and the single column or umbrella- 

type bridge pier with bending induced by 

longitudinal girders and the transverse cross 

beam at the top of the pier. While the analy- 
sis of members of this type is not particularly 

difficult, it is rather long and involved. The 

purpose of this article is to demonstrate the 

method outlined by Cross by applying it to a 

specific example, and to show the general 

applicability of the method. Suggestions for 

helping the designer to make more reasonable 

assumptions in the first trial and thus reduce 

the number of solutions required to bring the 

assumed and actual positions of the neutral 

axis to sufficiently close agreement are also 

given. The reader is referred to Cross’s works 

for the derivation of the formulae employed. 

NOTATION 

The notation used in this article is for the 

most part standard and is as follows: 

a is the area, in square inches, of a portion 

of the section. In the case of the steel rein- 

forcing, it is the transformed area of the steel 
in terms of the concrete. 

A is the total effective area of the section, 
including the transformed area of all rein- 
forcement. 

X and Y axes are the coordinate axes chosen 

to compute the properties of the section. These 

axes may pass through any desired point, but 

should be chosen so as to simplify the calcula- 

tions of the section properties. In general, 

these X and Y axes are not through the center 

of gravity of the effective cross section. 

x and y are the coordinates of any point 

referred to the X and Y axes arbitrarily chosen 

to compute the section properties, as defined 
above. 

ax and ay are the products of the elementary 

areas and the coordinates of the center of 

gravity of those areas referred to the X and Y 

axes. These products are really the statical 

moments of the elementary areas about the 
X and Y axes. 

Ty,=axr?+t,,. This value is the moment of 
inertia in inches‘ of the effective area of the 

Public Roads Administration, Division 8 

cross section (including the transformed area 

of the reinforcement) about the Y axis. It is 

computed by summing the moments of inertia _ 
of the several elementary areas obtained by the | 

familiar transfer axis theorem, i. e., the pro- 

duct of the elementary area and the coordi- | 

nate x to its center of gravity squared, plus 

the moment of inertia of the area about the | 
y axis through its own centroid. 

Iz2=ay*+izz. This value is the moment of | 

inertia in inches‘ of the effective area of the | 

cross section (including the transformed area | 
of the reinforcement) about the X axis. It is | 
computed by summing the moments of inertia 

of the several elementary areas obtained by 

the transfer axis theorem, i. e., the product of 

the elementary area and the coordinate y to 

its center of gravity squared, plus the moment _ 

of inertia of the area about the z axis through 

its own centroid. 
Izy=azry+tz,. This value is the product of | 

inertia in inches‘ of the effective area of the | 
cross section (including the transformed area — 

of the reinforcement) about the X and Y axes. | 

It is computed by summing the products of | 
inertia of the several elementary areas ob- 

tained by multiplying the elementary area by | 

the coordinates x and y of its center of gravity, _ 

plus the product of inertia of the elementary | 

area about the x and y axes through its own | 
centroid. In dealing with rectangular sec- 
tions, or irregular sections bounded by straight _ 

lines, the elementary area will be either a 
rectangle or a triangle or a combination of © 

both. For any rectangular section, 7,,=0. 

For any triangular area about x and y axes — 

through its center of gravity and parallel to — 

the base and altitude of the triangle, izy— aap 

where b and h represent the base and altitude, 

respectively, of the triangle. The product of 
inertia of a triangle will be positive in sign if — 
its hypotenuse slopes downward to the left and 

negative in sign if its hypotenuse slopes down- | 

ward to the right, as indicated in the sketch 
below. 

PLUS #5 | fa 

MINUS: E> =a 
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M,,=Pxr and Mzz=Py. These values are 

the Replied moments, in inch kips, about the 
X and Y axes. They are computed as the 

product of the direct load P and the coordinate 
gor y of its point of application. 

X, and Y, axes are the coordinate axes 

parallel to the X and Y axes first chosen to 
compute the properties of the section but 

passing through the center of gravity of the 

total effective area A. 

To, Yo, 

These values are the section properties and the 

applied momentsjreferred to the X, and Y, 

axes. 

T2293 I yoyo Mz 24; My,vo Tague 

_ The following values are the section proper- 
ties about the X, and Y, axes through the 
center of gravity of the effective area A but 

i corrected for the dissymmetry of the section: 
} 

| I Rely y ley ae 

\ I 
I’,=1, z —I, gece | o7o ovo 1¢3e 

i) Trou, 
M',=M,v,—Mz,2, i 

%o7%o 

Tz gu, 
Yovo T | M',=M,,2,—M 

Yovo 

| The equation that follows is that of the 

, neutral axis or line of zero stress referred to 

3 axes X, and Y,, and coordinates x and y in 

| this equation are also measured from axes X, 

{ Syagy ke 
Acar e+e y=0. 

X, and Y, are the distances from the neu- 

tral axis to the extreme fibers of the section, 

measured parallel to the X, and Y, axes. 

f is the fiber stress at any point and is equal 

if 

a ' 1 
| Te Yn or yr? X, 

_ f- and f, are the unit stresses, in pounds per 

| Square inch, in the concrete and _ steel, 

/ respectively. ‘ 
} 

. | METHOD OF ANALYSIS 

_ To compute the unit stresses in a rectan- 
gular reinforced concrete section subjected to 

/ bending moments in two directions and direct 
_ Stress the designer should proceed as follows 
_ (it is assumed that a trial section complete 

with reinforcement has been tentatively 

selected for analysis and this section drawn 

accurately to scale): 

1. Estimate the position of the neutral axis 

of the section. This estimate of the position 

_ of the neutral axis requires judgment and ex- 

_ perience since‘it involves drawing a line on the 

sketch of the section with position and slope 

unknown. Moreover, since the succeeding 

calculations are rather lengthy, an inordinate 
/ amount of time may be spent in obtaining 

sufficiently close agreement between the as- 
sumed and the computed positions of the 

neutral axis unless the position first selected 
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is approximately correct. It has been found 

that one variable, the slope of the actual 

neutral axis, may be determined quite accu- 

rately by first considering the entire area of 

the cross section as effective (which is equi- 

valent to assuming that the concrete takes its 

full share of the tension induced by the bend- 

ing moments) and computing the position of 

the neutral axis on this basis. The slope of 

the final neutral axis will be found to deviate 

only slightly from the slope of this fictitious 

neutral axis. 

It is recommended, then, that the first step 

in the solution consist of computing the loca- 

tion of this fictitious neutral axis, considering 

the entire transformed area of the section 

effective, and plotting it upon the sketch. 

The first trial neutral axis for the cracked 

section should then be drawn parallel to this 

fictitious neutral axis and on the compression 

side of the section from it. Thus one variable 

has been eliminated. Also, if the stresses on 

the tension side of the section when computed 

considering the concrete to take tension are 

moderate, say 150 p. s. i. or less, it will be 

unnecessary to proceed with the more exact 

calculation. The remaining variable, the 

distance from the fictitious neutral axis of 

the entire section to the assumed trial neutral 

axis of the cracked section, will depend upon 

the eccentricity of the direct load, and must 

be estimated based upon the amount of this 

eccentricity. 

2. The trial neutral axis of the cracked 

section having been selected, the designer 

proceeds to the calculation of the section 

properties about some convenient pair of 

axes. These quantities should preferably be 

tabulated, using some form similar to that 

shown later on in this article. After all of 

the section properties have been computed, 

tabulated, and totaled, they must then, in 

general, be corrected for two factors: First, 

they must be reduced to the X, and Y, axes 

passing through the centroid of the cracked 

section and parallel to the arbitrarily chosen 

X and Y axes used for computation purposes; 

and second, they must be corrected for the 
dissymmetry of the section. 

3. The position of the centroid of the 
cracked section is found by dividing the sum 

of the statical moments of the elementary 

areas about the X and Y axes by the area A, 

the sum of the elementary areas. Thus >) ri 

and >) + will give x, and y,, the coordinates of 

the centroid of the cracked section measured 

from the X and Y axes. The corrections to 

the quantities J,,, zz, and I,, are respectively 

Azx?, Ay, and Az.y,, and are always sub- 

tracted algebraically from the summations 

about the axes X and Y. Likewise, the 

corrections to be applied to M,, and M,,; 

are, respectively, Px, and Py, and are 

also always subtracted algebraically. The 
values after these corrections have been 

made represent the section properties and 

applied moments about the X, and Y, axes 

and are the quantities J, ,1,, Iz,2,) Iz M 

and M,z,<,. 

4. The second and last series of corrections 

eo! VoVo; 

to be applied to the quantities enumerated 

in the last sentence of the preceding para- 

graph are the corrections for the dissymmetry 

of the section. The corrections to be applied 
to Iy,y, and Iz,2, are 

Iz 5uo . 
Is, 

is I, 
pad I, Toro ; and te Ty ou6 

respectively, and are always subtracted alge- 

braically from J,,,, and I,,2,, giving the final 

quantities J’, and I’,. The corrections to be 
applied to M,,,, and M,,2, are 

bE yap oat and I Yovo 
ZoVe -y? 

I you9 oto 

respectively, and are subtracted algebraically 

from M,,,, and M,,-,, giving the final quan- 

tities M’, and M’,. 

5. The equation of the neutral axis is then 

PMs 
F Pid io Tl’, ae T', = y=0. 

After substituting the numerical values in this 

equation and simplifying, the intercepts of the 

neutral axis on the sides of the section are 

obtained by placing values of x and y, the 

coordinates of the sides of the section mea- 

sured from the X, and Y, axes in the equation, 

and computing the resulting values. These 

values are then compared with the actual 

values of the assumed position of the neutral 

axis. If the agreement is reasonably close, 

say within approximately 1 inch, no further 

trials will be necessary. If, however, the 

computed and actual intercepts of the neutral 

axis on the sides of the section differ by more 

than about 1 inch, then a new trial neutral 

axis should be selected and the entire process 

thus far described repeated. 

6. When the designer has a solution wherein 

the computed and assumed positions of the 
neutral axis agree within the limits of error 

desired, all the data will be available for com- 

puting the actual stresses in the steel and 

concrete. The general equation for the stress 

else 

/ , 

ja ¥, or fay? Xo. 
z uy 

If the sketch has been accurately drawn to 

scale, the values of Y, or X, may be scaled. 

If computed values are desired, they may be 

found by solving the geometric figures com- 

posing the sketch, or they may be computed 

by substituting the proper values into the 

general equation for the neutral axis. X, 

and Y, may be the distances, measured paral- 
lel to the X, and Y, axes, to any point where 

the stresses are desired. However, the maxi- 

mum stress values for the concrete and steel 

are usually the only values in which the 

designer is interested. Accordingly, the 
maximum distances X, and Y,, when substi- 

tuted in the equations for stress given above, 

will give the maximum stresses desired. The 

stress in the steel is found, of course, by 

multiplying the stress computed from the 

equation at the beginning of this paragraph 

by the value of n for the concrete strength © 

being used. 
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Figure 1.—Scale drawing of section analyzed in example. 

APPLICATION TO AN EXAMPLE 

In illustration of the analysis process, a 

specific example has been assumed and followed 
through, step by step. 

Step 1. Make a scale drawing of the section 

for which the stresses are to be computed, as 

shown in figure 1. The assumed X and Y 

axes are included in the drawing. The three 

neutral axes shown in figure 1 are not drawn 

as part of the original sketch, nor are axes X, 

and Y,, since their positions are determined by 

the calculations that follow. 

Step 2. The values of P, M,z, and M,,, 
shown in figure 1, are known. From these 

values the distances z and y from the X and Y 

axes to the point of application of the load are 

computed as follows: 

BM se ewcO At “ 
die = 196 peo inches. 

y= eg a EX 12=26.0 inches. 

Step 8. Compute I,, about the X axis which 

was chosen through the centroid of the total 

area: 

Concrete h*_ 103x573 
oncre 0 12 nein A De tb = 1,589,600. 

Steel (44 1-inch squares) summation of ay? 

(the transformed area of each bar=nA,, and 

for n=10, each bar is equivalent to 10X1=10 

square inches of concrete): 

3210 25.2? = 203,200 
4X10X18.0?= 12,900 
4X10X10.82= 4,700 
4X10X 3.6= 500 

Total=221,300 

Total 7,,=1,589,600 + 221,300 =1,810,900. 
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Step 4. Compute J,, about the Y axis which 

was chosen through the centroid of the total 

area: 

57 X 103? 
Concrete = 12 = 5,190,400. 

Steel=summation of ay?, with a=10 for 
each bar: 

1610482 =368,600 
4X10X41.62= 69,200 
4X10X35.2?= 49,600 
4X10X28.8?= 33,200 
4X10X22.44= 20,100 
4X10X16.0?= 10,200 
4X10X 9.67= 3,700 
4X10X 3.22= 400 

Total= 555,000 

Total J,,=5,190,400+555,000= 5,745,400. 

Step 5. Compute total area: 
A=103 57+ 44 X 10=6,311 square inches. 

Step 6. Compute 

—P Mwy) Mz 
oe A Tyy oe 1 pe y 

1,126,000 , 1,926,000 12 
rig Gob) 5,745,400 

2,436,000 x 12 

1,810,900 

=178+207 +460. 

x 

51.54 X 28.5 

Then: 

f at point A=+845; 

f at point B=+481; 

f at point C= —489; 

f at point D=—75. 

Step 7. Compute the location of the neutral 
axis: 

Along side DA from point D=2xsT= 

4.6 inches. 

Along side CB from point C= x 57= 

30.3 inches. 

These calculations locate the fictitious) 

neutral axis with the entire section assumed 

effective. This fictitious neutral axis is drawn 

on the sketch, as shown in figure 1. 

Step 8. An assumed neutral axis for the 

cracked section is now selected and drawn on 

the sketch (see fig. 1), parallel to the fictitious | 
neutral axis and on the compression side of the | 

section from it. The section properties of the 

trial neutral axis as related to the X and Y 
axes are computed, tabulated, and totaled as 
shown in the first four lines of figure 2. The) 

entries in the first line are for the steel rein- 

forcement, while those in the second and third 

lines are for the concrete, considered as a 

rectangle and a triangle which, combined, 

include the total area of the cracked section. 

It will be observed that az and ay for the 

steel are zero because of the symmetry of the 

section. Values of J,, and J,, for the steel 

are the same as those computed in steps 3 and 

4 for the uncracked section. The values 7z,| 
and azy for the steel are zero because of the) 

symmetry of the reinforcement. Values of 

ty, and 7; for the triangular section of the 

concrete are moments of inertia of the triangle 
3 

about its own centroidal axes, and are Lh and 
36 

se - The value of 7,, for the triangle is com- 

puted as nile with the sign determined as: 
Tee 

previously explained. 

Step 9. The computed properties are cor- 

rected to the centroid in the fifth line of the 
tabulation (fig. 2). The values of x, and 

are computed as pa and De respectively. 

The X, and Y, axes can now be drawn on the 

sketch (fig. 1). The corrections are computed 

as previously explained, and are subtracted 

algebraically from the totals in the line above. 

Step 10. In the last line of the tabulation 

(fig. 2), corrections for the dissymmetry of the 

section are made. These are computed as_ 
previously explained, and are subtracted 

algebraically from the figures in the line above. 

Step 11. From the values computed in the. 
tabulation, the equation of the neutral axis, 
previously given, may be solved as follows: 

1,126,000 , 20,760,000 |, , 16,090,000 
3,015 2,567,500 ~ * 491,000 

373 +8.092+32.7y=0; 

y+0.248 2= —11.4. 

y=0; 

For the assumed trial neutral axis (fig. 1), 

x equals + 43.9 or —59.1 and y equals — 22.2 
or +3.8. Substituting the values of z in the 
equation above, 

if r= + 43.9, y= —22.3; 

if r= — 59.1, y= + 3.3. 

The computed values of y are in close agree- 

ment with the actual values of the assumed) 
position of the neutral axis, and no further 
trial is necessary. 
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Poreete oe eg 

+ and bottom of the section. 

Part of 
Section ay 2a hex 

Concrete io3". 
lesa) 1,236 +22.5 +27,810 

Correct to 

centroid 

Correct for dissymetry 
of the section 

} Correction | 

Corrected 

Corrected 

175,500 

2,656000 
values = Lo, ie 

2,967,500 
values =f, =[y 

486,300 

491,000 

092 700/625,700| 14,800 

339 77 793 2200 w10490 394,600| 789,200] 82,200| $0,300 wrag00-s96oo) — | — 

Totals 

949,600+I 949,600%,881900] ,900|929,200+ 65, 100|+179,900-99,6 00 

eZ | 283,500 | 500 994,300 +80,300 caffe WEB |G rye” Wo @) 

| 75,500 | 486300 +292,300 +8,590 | +14,300 

508,000 — 212,000 +14,520 | +14,930 
= “Myx, 

Ae 760 ale 1090 

Figure 2.—Tabulation for analysis of cracked section. 

Step 12. The actual stresses may now be 

computed from the equation previously given: 

+ 16,090,000 
491,000 

= +1,250 p.s.i.(compression); 

+16,090,000 
491,000 

= —13,200 p.s. i. (tension). 

Maximum f,= 38.1 

Maximum f,= xX —40.38 X10 

These results may be checked by computing 

the intercepts of the neutral axis on the top 

The method of 

computation has been suggested previously. 

Using the values so calculated: 

PUBLIC ROADS ® Vol. 25, No. 4 

f= 120,760,000 
°~ "2,567,500 

=-+1,240 p. s. i. (compression) ; 

7, <+20,760,000 
* ~~ 2,567,500 

= —13,150 p. s. i. (tension). 

xX + 153.5 

X — 162.410 

These agree very closely with the values com- 

puted above. 

The discussion and calculations in this 

article are based on inch and pound units, but 

any other consistent set of units could be used. 

Theoretically, the area of the reinforcement 

embedded in the concrete on the compression 

side of the section should be multiplied by 

(n—1) instead of n in computing its trans- 

formed properties, but this refinement is con- 

sidered of negligible importance. 

The designer who will study the explana- 

tions and example that have been presented 

should have no difficulty in applying the gen- 

eral method to his own particular problems. 
As suggested by Saville, this method may also 

be applied to a variety of problems, including 

the computation of foundation pressures when 

the foundation is composed of materials having 

widely different supporting powers, and when 

overturning moments are applied in more than 

one direction. 
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Documents. 
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19438. 1944, 1945. 
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No. 279MP . 
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Right Equipment. 
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No. 314... Tests of Reinforced Concrete Slabs Subjected to 

Concentrated Loads. 

No. 315 . . . Moments in Simple Span Bridge Slabs With Stiff- 

ened Edges. 
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